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Quantitative Spectroscopic Analysis of Heterogeneous Hence the scope of its applicability is also limited. 84
To overcome these limitations, one of the present authors developed a novel multiplicative effect 85 correction approach, Optical Path-Length Estimation and Correction (OPLEC) 19, 20 . OPLEC adopted 86 the following two-step procedure for the correction of multiplicative effects in spectral measurements. 87
First of all, the multiplicative parameters accounting for multiplicative effects in the spectral 88 measurements of the calibration samples are estimated by a unique method deduced solely from the 89 linear transformation of the calibration spectral measurements. And then the multiplicative effects in the 90 spectral measurements of the test samples are efficiently removed by a dual-calibration strategy. 91
Without placing any requirement on the spectral measurements, OPLEC can efficiently separate the 92 multiplicative effects of samples" physical properties from the spectral variations related to the chemical 93 compositions, and hence has much wider applicability than other methods reported in the literature. The 94 development of OPLEC provided an important contribution to the solution of multiplicative light 95 scattering issues. Whereas the first step of OPLEC, i.e. the estimation of the multiplicative parameters 96 for the calibration samples, involves the determination of the number of spectroscopically active 97 chemical components in the systems under study. A poor estimation of the number of chemical 98 components would result in suboptimal performance of OPLEC. For complex systems, the estimation of 99 the number of chemical components is not a trivial task. Therefore, the OPLEC method needs to be 100 refined to realize its full potential for spectroscopic quantitative analysis of heterogeneous mixtures. 101
The objectives of this study were (1) to redesign the method in OPLEC for the estimation of the 102 multiplicative parameters for the spectral measurements of the calibration samples, (2) to develop a6 simple but effective approach for determining the optimal model parameter (i.e. the number of 104 spectroscopically active chemical components) in OPLEC, (3) to improve the robustness of OPLEC 105 when being applied to complex systems, and finally (4) to evaluate the performance of the modified 106 OPLEC method on two publicly available benchmark data sets. 
Where,
; superscript "T" denotes the transpose; subscripts "s" and "n" signify that the 143 corresponding factors represent spectral information and noise, respectively. Suppose the actual number 144 of spectroscopically active chemical components in the system studied is r, then both U s and V s consist 145 of r columns. According to eq.2, both vectors p and diag(c 1 )p are in the column space of U s , so the 146 following equations hold: 147
Since there is no requirement to know the absolute value of p i , p i can be assumed to be no less than 148 unity ( 1 p ). Therefore, the vector p satisfying equations 4 and 5 can be obtained by solving the 149 following constrained optimization problem: 150
Where, 2 denotes l 2 norm; w is a weight to balance the two parts in the above optimization function. 151
It can be simply set to be the maximum element of c 1 
Case studies 169
The effectiveness of the modified OPLEC method (hereafter referred to OPLEC m ) with respect to its 170 ability to estimate multiplicative parameters was first tested on the near-infrared total diffuse 171 transmittance spectra of four-component suspension system consisting of water, deuterium, ethanol, and 172
Infratec Food and Feed Analyzer (hereafter referred to tecator data) is employed. This spectral data set 175 is publicly available and hence ensures that the interested reader can repeat the analysis. 176 177 3.1 Four-component suspension data 16 
178
The four-component suspension system is composed of three fully miscible absorbing species of water, 179 deuterium oxide and ethanol and a species that both absorbs and scatters light (i.e., a particulate species 180 of polystyrene). Specifically, the range of particle size and concentration were chosen to be 100~500 nm 181 and 1~5 wt%, respectively, such that the following conditions were satisfied: stable suspension, multiple 182 scattering, and sufficient signals in measurement. A total of 42 samples were prepared using various 183 combinations of the concentrations of the four components and particle sizes of which the total diffuse 184 transmittance (T d ) spectra were recorded on a scanning spectrophotometer (CARY 5000) fitted with a 185 diffuse reflectance accessory (DRA-2500). The spectral data were collected in the wavelength region of 186 1500-1880 nm with an interval of 2nm, resulting in measurements at 191 discrete wavelengths per 187 spectrum. Twenty-two suspension samples" spectra were randomly selected to construct the calibration 188 data set. The remaining twenty spectra from the other suspension samples made up the test data set. The 189 absorbing-only species of deuterium oxide with concentration range between 20% and 58 wt% was 190 taken as the analyte of interest in the present analysis and all the total diffuse transmittance spectra were 191 transformed into absorbance spectra prior to the analysis. More experimental details can be found in the 192 original paper of Steponavicius and Thennadil 16 . 
Four-component suspension data 220
The raw total transmittance spectra of the four-component suspension samples are presented in Figure 1 . 221
It can be observed that the variations in polystyrene particle size and concentration across samples 222 resulted in significant additive baseline shift as well as multiplicative effects in the spectral data. 223
Though the additive baseline effects and possible wavelength dependent spectral variations can be 224 readily removed by orthogonal projection pre-processing, the multiplicative effects as a consequence of 225 the changes in sample"s effective optical path-length are rather difficult to correct. Such multiplicative 226 effects can not be effectively modeled by multivariate linear calibration models either. Without being 227 properly corrected or modeled, they can significantly deteriorate the predictive performance of 228 multivariate linear calibration models 13, 19 . 229 
